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Abstract
This article aims to present an experimental investigation for optimum wear depth of electroless Ni-P-Cu coatings based on four 
process parameters using artificial bee colony algorithm. Experiments are carried out by utilizing the combination of three 
coating process parameters viz. nickel sulphate, sodium hypophosphite, copper sulphate and the fourth parameter is post 
deposition heat treatment temperature. To observe the variation of each parameter with the wear depth, the operating range of
each parameter is divided into three equally spaced levels. The design of experiment is based on the Taguchi L27 experimental 
design. The measurement of wear is carried out in terms of wear depth using DUCOM TR 25 multi-tribotester apparatus with 
block on roller arrangement. Here a second order regression equation is obtained for wear depth with the help of Minitab 16 
software. The variation of wear depth with the variation of each coating process parameters is observed. The optimum values of 
each coating process parameters are obtained from the artificial bee colony analysis and the corresponding optimum value of 
wear depth is also obtained. The surface morphology and composition of coatings are also studied with the help of scanning 
electron microscopy, energy dispersed X-ray analysis.
© 2014 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of the Organizing Committee of ICIAME 2014.
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1. Introduction
Electroless nickel (EN) plating is undoubtedly the most important catalytic plating process in use today. The 
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principal reasons for its widespread commercial and industrial use are to be found in the unique properties of the EN 
deposits. The chemical and physical properties of an EN coating depend on its composition, which, in turn, depends 
on the formulation and operating conditions of the EN plating bath [1, 2]. Among them the binary electroless nickel 
phosphorous (Ni-P) coating gets widespread popularity due to its simplicity and excellent properties. Recent studies 
confirmed that inclusion of third particle in the binary electroless deposit may further improve the properties of the 
deposit. Basically a radical change may be obtained in the tribological properties. In the field of tribology the 
electroless alloy deposit can be divided into two major categories, viz., friction resistance coatings and wear 
resistance coatings. The desired properties depend on the choice of the third particle to be incorporated. Generally 
hard particles like B4C, WC, etc are incorporated for wear resistance coating and soft particle like graphite, PTFE 
etc are incorporated for friction resistance coating. It is reported in a research work that inclusion of Cu into Ni-P 
coatings improves their thermal stability, brightness, and corrosion resistance and can reduce the fatigue properties 
of the substrate [3]. Thanks to these properties, this type of coatings is used as alternatives in various significant 
fields like bio-engineering, aerospace, automotive design and manufacture. Undoubtedly most of these engineering 
components undergo rubbing action due to which wear takes place in the components and the life of the components 
are reduced. In this type of problem the deposition of the electroless wear resistance coating on the component may 
be a solution. But the practical problem is quite different. In most of the practical problems the wear takes place in 
the rubbing component at corrosive atmosphere. A typical application of this type of problem can be found in 
bearing industry. So considering only hard particles for wear resistance is not sufficient. Rather a practical solution 
is to provide anti-corrosive coating with lower wear behaviour. Due to good anti-corrosive property of copper most 
of the researchers have focused on the anti-corrosive property and the crystallization behaviour of the electroless Ni-
P-Cu coatings. It has been demonstrated that the addition of copper into electroless Ni–P matrix improves the 
thermal stability and solderability of the coatings [4–6]. When copper content is above 28% in both as-deposited and 
heat treated states, the Ni–Cu–P coatings possess non-magnetism property. Zhao et al. [7] investigated the effects of 
the deposition of copper on the deposition rate and compositions of Ni–Cu–P coatings. Chen and Lin [8] 
investigated the deposition and crystallization behaviours of electroless Ni–Cu–P coatings on aluminium substrates. 
It was mentioned that the addition of copper into electroless Ni–P matrix could improve the corrosion resistance of 
the coatings [9].Wang et al. found that the corrosion resistance of electroless 90% Ni–7% Cu–3% P in 50% NaOH 
solution was better than that of as-plated Ni–P [10]. This research work is focused to find out the optimum 
combination of coating process parameters within a given range for lower wear characteristics of heat treated 
electroless Ni-P-Cu coatings. Various optimization techniques have already been proposed by the past researchers to 
search out the best combinations of the process parameters. Rao et al. [11] applied a particle swarm optimization 
(PSO)-based algorithm to find out the optimal process parameters for an electrochemical machining (ECM) process 
and compared its performance with that obtained by the other optimization methods. Rao and Pawar [12] presented 
the multi-objective optimization of machining parameters of a grinding process using various non-traditional 
optimization techniques, e.g. ABC, harmony search and SA algorithms. Wheel speed, workpiece speed, depth of 
dressing and lead of dressing were considered as the process variables. Karaboga and Akay [13] compared the 
performance of the ABC algorithm with that of genetic algorithm (GA), PSO, differential evolution (DE) and 
evolution strategy (ES) algorithms on a large set of unconstrained test functions and concluded that its performance 
is better than or similar to that of other algorithms although it uses less control parameters. It can be efficiently used 
for solving multi-modal and multi-dimensional optimization problems. According to recent studies [14] ABC 
algorithm can be employed to any unconstrained problem with less number of control parameters and gives better 
performance than other similar type population based algorithms. In this optimization problem the investigation of 
the optimum combination of all the four design process parameters for a minimum wear depth is carried out using 
artificial bee colony (ABC) algorithm. The surface morphology and composition of the coatings are studied with the 
help of scanning electron microscopy (SEM) and energy dispersed X-ray analysis (EDX) respectively.
2. Artificial bee colony algorithm (ABC)
Inspired by the intelligent foraging behavior of honey bees, Karaboga [12] introduced the ABC algorithm for 
optimizing numerical problems. It can be noted that three parameters are of prime importance in the foraging 
behavior of honey bees, those are, food source (nectar), employed foragers and unemployed foragers, and the 
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foraging behavior leads to two modes, i.e., recruitment of nectar source and abandonment of nectar source. In ABC, 
the colony of artificial bees contains generally two groups of bees: employed bees and onlooker bees. The employed 
bees have all the idea about the food source (nectar position) and quality of food (nectar amount). In the hive all the 
employed bees with all their information of foods started waggle dance. This dance is the indication of all the 
characteristics of their foods, i.e., the amount as well as quality of foods. In the hive there are also some unemployed 
bees called onlooker bees. They watch the waggle dance and get the information about all the food sources and 
attracted to the best food source. In the next stage the onlooker bees become employed and they started consuming 
the nectar from the best food source. When this food source becomes abandoned the employed bee become a scout 
bee and starts to find new food source. As early as a scout finds a new food source it becomes an employed bee and 
the cycle goes on until the best food source (optimum solution) is obtained. In the ABC algorithm the number of 
employed bee and onlooker bee is equal to the number of solutions in the population. In the initialization step the 
algorithm generates randomly distributed predefined number of initial food source (solution). Since each food 
source Xi is a solution vector to the optimization problem, each Xi vector holds n variables, (Xij, j = 1…n) which are 
to be optimized. After initialization, the solutions is subjected to repeated cycles C = 1…MCN (maximum cycle 
number). This is for the search process of the employed bees, onlooker bees and scout bees. In the next step i.e., 
employed bees phase the employed bees search for new food sources (Vij) having more nectar within the 
neighborhood of the food source (Xij) in their memory. They find a neighbor food source and then evaluate its 
profitability (fitness). The neighbor food source (Vij) is determined by using the formula given by:
)( kjijijijij xxrxv  (1)
Where Xkj is the randomly selected food source, i is randomly chosen parameter index provided k LDQGUij is a 
random number within the range of (0,1). After producing the new food source (Vij) its fitness is calculated and a 
greedy selection is applied between Vij and Xij. This fitness value is the indication of waggle dance of the employed 
bee. In the third step the employed bees share their food source information with onlooker bees waiting in the hive 
and then onlooker bees choose a food source depending on the probability values calculated using the fitness values 
provided by employed bees. The probability value Pi with which Xi is chosen by an onlooker bee can be calculated 
by
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After a food source Xi for an onlooker bee is probabilistically chosen, a neighborhood source Vi is determined by 
using Eq. (1), and its fitness value is computed. As in the employed bees phase, a greedy selection is applied 
between Vi and Xi. Hence, more onlookers are recruited to richer sources and positive feedback behavior appears. 
Employed bees whose solutions cannot be improved through a predetermined number of trials, specified by the user 
of the ABC algorithm and called ‘‘limit’’ or ‘‘abandonment criteria’’ herein, become scouts and their solutions are 
abandoned. Then, the converted scouts start to search for new solutions, randomly. For instance, if solution Xm has 
been abandoned, the new solution discovered by the scout that was the employed bee of Xi.
3. Design of experiment
3.1. Design parameters
Design of experiment is an important part of any optimization problem. By applying proper design of 
experiment, not only the time and cost can be saved also a result can be obtained which is comparable with that of
practical. The first and foremost task in design of experiment is the selection of design parameters. In this present 
optimization problem after a large number of experimental trials four most important design parameters have been 
selected. The first three parameters are coating parameters, viz, concentration of nickel sulphate solution (source of 
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nickel ion) (A), concentration of sodium hypophosphite solution (source of reducing agent) (B) and concentration of 
copper sulphate solution (source of copper ion) (C), and the fourth one is the post deposition heat treatment
temperature (D). The response (output) is the wear depth of the heat treated coated surface. To observe the effect of 
each design parameter on the response each of these four parameters is divided into three equally spaced levels 
within the operating range. The operating range is selected based on experimental trial, within which the coating can 
be deposited. The four main design parameters with their range and levels are shown in Table 1.
Table 1. Main coating parameters with their levels
Design Factors Unit
Levels
1 2 3
Concentration of source of nickel (nickel sulphate solution) g/l 25 30 35
Concentration of reducing agent (sodium hypophosphite solution) g/l 10 15 20
Concentration of source of copper (copper sulphate) g/l 0.3 0.5 0.7
Heat treatment temperature Û& 300 400 500
3.2. Taguchi design of experiment
This is an optimization problem with four design parameters and each have three levels so with all possible 
combination of these parameters a total number of 81 (34) experiments can be performed, but to save the time and 
cost the Taguchi design of experiment has been opted, as it is a robust design of experiment method. In Taguchi 
design there is several numbers of standard orthogonal arrays (OA). The selection of orthogonal array depends on 
the total degrees of freedom of the experiment. The rule is that the degrees of freedom of the OA must be greater 
than or equal to the total degrees of the experiment. The degree of freedom of any factor with ‘n’ number of level is 
(n-1). In this present optimization problem the degrees of freedom of all four individual factors (i.e., A, B, C and D)
is 8 [4 × (3-1)] and the degrees of freedom of three two way interaction (i.e., A×B, A×C and B×C) is 12 [3 × (3-1) × 
(3-1)], so the total degrees of freedom of the experiment is 20 (8 + 12). Hence Taguchi L27 OA is selected as it has 
26 degrees of freedom. The L27 OA consists of 27 rows, each row represents the combination of factors for 
conducting the experiment and it has 13 columns representing the individual factors, their interactions and error 
terms.
4. Experimental details
4.1. Coating deposition
Mild steel blocks (AISI 1040) of size 20 mm × 20 mm × 8 mm are used as substrates for the deposition of 
electroless Ni-P-Cu coating. The sample is mechanically cleaned from foreign matters and corrosion products. After 
that the MS sample is cleaned using distilled water. After that a pickling treatment is given to the specimen with 
dilute (50%) Hydrochloric acid for one minute to remove any surface layer formed like rust followed by rinsed in 
distilled water and methanol cleaning. Table 2 indicates the bath composition and the operating conditions for 
successful coating of electroless Ni-P-Cu. Nickel sulphate is used as the source of nickel while sodium 
hypophosphite is the reducing agent. The bath is prepared by adding the constituents in appropriate sequence. The 
pH of the solution is maintained around 9.5 by continuous monitoring with a pH meter. The cleaned samples are 
activated in palladium chloride solution at a temperature of 55°C. Activated samples are then submerged into the 
electroless bath which is maintained at a temperature 85°C with the help of a hot plate cum stirrer attached with a 
temperature sensor also submerged in the solution. The deposition is carried out for a period of 2 hours. The range 
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of coating thickness is found to lie around 20-25 microns. After deposition, the samples are taken out of the bath and 
heat treated according to the experimental design. The experimental setup is shown in Fig. 1.
         Table 2. Electroless bath constituents
Parameters Values
Nickel Sulphate (g/l) 25 – 35
Sodium Hypophosphite (g/l) 10 – 20
Sodium Citrate (g/l) 15
Copper sulphate (g/l) 0.3 – 0.7
pH 9.5
Temperature 85Û&
Duration of coating 2 hrs
Bath volume (ml) 200
Fig. 1. Experimental setup for electroless Ni-P-Cu coating deposition
4.2. Surface morphology and composition study
The characterization of the coating is necessary so that it can be made sure that the coating is properly developed. 
Energy dispersive X-ray analysis (EDAX Corporation) is performed to determine the composition of the coating in 
terms of the weight percentages of nickel, phosphorous and copper. Fig. 2 shows the EDX spectra of the coated 
surface. From the analysis it is found that the coating consists of 11% P, 4% Cu and the remaining is Ni. Fig. 3
shows the scanning electron micrograph (SEM) of Ni-P-Cu coated surface. It is clear that the deposit coarse nodular 
structure without any porosity in as deposited condition. Nodular deposition in a coating depends on nucleation rate 
and the growth of the deposit. Nucleation rate depends on the bath constituents and the operating condition of the 
experiment.
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4.3. Wear measurement
The wear depths of heat-treated Ni-P-Cu coated specimens are measured using a multi-tribotester with block on 
roller configuration (DUCOM, TR-25) under non-lubricated condition. The Ni-P-Cu coated specimens serve as test 
specimens which are held horizontally against a rotating roller of 50 mm diameter × 20mm thickness. The wear test 
of each specimen is carried out for 5 minutes with 25 N load at a speed of 50 rpm. The steel roller is coated with 
titanium nitride of hardness 85 HRc, which is higher than the hardness of the Ni-P-Cu coated specimen in order to 
ensure that the wear will take place only in the test specimens. Dead weights are placed on the loading platform 
which is attached at one end of a 1:5 ratio loading lever. Wear is measured in terms of displacement with the help of 
linear voltage resistance transducer. It is worth noting that, in general wear is measured in terms of wear volume or 
mass loss. But in the present case, wear is expressed in terms of displacement or wear depth. Hence, to ensure that 
the wear measurements are accurate, the displacement results for wear are compared with the weight loss of the 
specimens and almost linear relationship is observed between the two for the range of test parameters considered in 
the present study. The speed of the roller and the duration of tests can be controlled via a computer attached to the 
tribotester.
Fig. 2. EDX spectra of Ni-P-Cu coated surface
Fig. 3. SEM image of Ni-P-Cu coated surface
5. Results and discussion
The wear depth of each 27 electroless Ni-P-Cu coated specimen is measured and the relation between the design 
parameters and the wear depth (W) is expressed by polynomial regression equation developed using Minitab 
software. This equation serves as the objective function of the optimization problem which has to minimize. So 
basically it is an unconstrained minimization problem. The equation is given as below:
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Where, x1 = concentration of nickel sulphate, x2 = concentration of sodium hypophosphite, x3 = concentration of 
copper sulphate and x4 = heat treatment temperature. The ABC algorithm is now used to optimize the above-
mentioned objective function. The corresponding computer code for the ABC algorithm is developed in Matlab with 
the following control parameters as selected for easy convergence of the parametric optimization problems. Number 
of population = 6, Number of employed bees = 50% of population, Number of onlooker bees = 50% of population, 
Number of scouts per cycle = 1, Number of cycles = 1000, Limit = 500
The program was run for 1000 iterations and every time it converges to the optimum solution. It reveals the 
robustness of the optimization. Fig. 4 shows the variation of wear with the number of iteration. It is clear from the 
figure that after 150 iterations the result converges to the minimum value and then no more improvement in the 
solution is possible. So this can be considered as the best possible solution within the given range of solution. Fig 5
(a)-5 (d) shows the variation of wear with the change of coating process parameters. From the figure we can be said 
that with the decrease of concentration of nickel solution the wear depth decreases and with the increase of reducing 
agent, concentration of copper sulphate solution and heat treatment temperature the wear depth decreases. From this 
analysis the optimum combination of coating process parameters within the given range is obtained as concentration 
of nickel sulphate solution = 25 g/l, concentration of reducing agent solution = 17.847 g/l, concentration of copper 
sulphate solution = 0.6604 g/l. and heat treatment temperature = 500Û& The optimum value of response i.e., wear 
depth is =  ȝP. An experiment was performed with those optimum values of coating process parameters 
obtained from the analysis to confirm the result of the analysis. The result of the confirmation test shows a good 
agreement with that obtained from the analysis. The confirmation result is shown in Table 3.
          Table 3. Result of confirmation test
Main coating parameters Amount
W obtained from ABC 
analysis ȝP
W obtained from 
experiment ȝP
Nickel sulphate (g/l) 25
5.26617 5.28Sodium hypophosphite (g/l) 17.847
Copper sulphate (g/l) 0.6604
Heat treatment temperature Û& 500
Fig 4. Variation of W with number of iteration
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Fig 5. Variation of W with parameters (a) with nickel sulphate, (b) with sodium hypophosphite, (c) with copper sulphate, (d) with heat treatment 
temperature.
6. Conclusions
In this paper, electroless ternary Ni-P-Cu coating has been developed on mild steel substrate by varying four 
design parameters namely concentration of nickel source (Nickel sulphate), concentration of reducing agent 
(Sodium hypophosphite), concentration of copper source (Copper sulphate) and heat treatment temperature. The 
wear depth of the coated surface is measured with a multi-tribotester instrument. The design of experiment was done 
by Taguchi L27 OA with 27 experimental runs. Then the artificial bee colony algorithm is successfully employed for 
finding out the optimal combinations of the design process parameters of electroless Ni-P-Cu coatings for minimum 
wear depth. The optimum value obtained from the analysis shows a good agreement with that of experimental value. 
The energy dispersive x-ray analysis shows it is a pure ternary coating consisting of nickel phosphorous and copper
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